Runoff prediction is an important component of any processbased soil erosion model. In this paper we evaluate the runoff prediction capabilities of a new soil erosion model, WEPP, on sagebrush rangelands. Particular attentton was given to the parameter estimation techniques used in WEPP to predict htfiltration. Runoff volume predicted by WEPP is based on the Green and Ampt infiltration equation. Predicted ruuoff was compared to observed runoff from PO large plot rainfall simulation experiments on sagebrush rangelands. There was a poor correlation between predicted and observed runoff when the Green and Ampt parameters were estimated using the parameter estimation techniques. Runoff prediction was improved when parameters were determined from field measurements. Additional refinement of the Green and Ampt parameterization techniques is needed for continued improvement of WEPP.
tion techniques used in runoff prediction. Predicted runoff was compared to observed runoff from rainfall simulation experiments conducted on or near the Reynolds Creek experimental watershed in southwestern Idaho. There was a poor correlation between predicted and observed runoff when the parameters were estimated from the empirical relationships. Results were improved when parameters were estimated from field measurements. Additional refinement of the parameter estimation techniques is needed for improved runoff prediction by WEPP.
WEPP Infiltration Model Description

Green and Ampt Equation
Runoff is predicted using a time-based infiltration approach. The amount of water that does not infiltrate is assumed to be runoff. The infiltration process is simulated with the Green and Ampt equation modified by Chu (1978) for unsteady rainfall. The utility of the Green and Ampt equation for predicting infiltration has been demonstrated by Mein and Larson (1971) and Smith and Parlange (1978) , among others. Details of the procedure are described by Rawls et al. (1989b) . Infiltration capacity is calculated by the Green and Ampt equation as
where f is infiltration capacity (mm/ hr), K. is effective hydraulic conductivity (mm/ hr), N, is effective matric potential (mm) and F is total infiltration (mm). N, and K, can be estimated in WEPP using parameter estimation techniques.
Parameter Estimation
K, is estimated in WEPP using a 2 step process. First saturated hydraulic conductivity, K., is estimated using the following empirical relationship, which takes into account the effects of entrapped air, soil texture, organic matter, and cation exchange capacity (Rawls et al. 1989a ). Effective matric potential, N., was derived using the following relationship.
Where S. = effective saturation (mm3/mm3) Sf q average matric potential across the wetting front (mm) Sr was estimated using the following regression equation (Rawls and Brakensiek, 1985) .
P. = effective soil porosity (mm'/ mm3) OM = organic matter (%) SM, = residual soil water content (mm3/mm3) K,, the effective conductivity, incorporates the effect ofvegetation on hydraulic conductivity (Rawls et al. 1989a) as follows: 
C, = crust factor = L L-zc z +c SC b L = depth to wetting front (mm)
Z, q crust thickness (assume 5 mm) SC q correction factor for partial saturation of the subcrust Soil (Brakensiek and Rawls, 1983) 
Methods
Rainfall Simulation Experiments
Runoff volume predicted by WEPP was compared to measured runoff volume from large plot (3.05 by 10.67 m) rainfall simulation studies carried out on 6 sagebrush rangeland sites on or near the Reynolds Creek Experimental Watershed in southwestern Idaho (Johnson et al. 1984, Johnson and Blackburn 1989) . Selected soil and vegetation characteristics are given in Table 1 . Johnson et al. (1984) conducted rainfall simulation studies to improve estimates of USLE parameters for sagebrush rangelands. The study conducted by Johnson and Blackburn (1989) was designed for validation of the WEPP model.
Three sites from Johnson et al. (1984) were evaluated: Flats, Lower Sheep, and Nancy82. At each site, 3 different treatments were implemented, each of which was replicated twice. The treatments were: 1. Clipped-all vegetation was removed at the ground surface and lightly raked to remove loose plant material. 2. Grazed-open to seasonal grazing consistently for 20 years prior to study. 3. Ungrazed-protected from livestock grazing for 10 years prior to study. Johnson and Blackbum (1989) conducted rainfall simulation on 3 sites: Coyote Butte, Summit and Nancy87. The 1987 Nancy plots were located in close proximity to the 1982 Nancy plots but there were differences in soil texture (Table 1) . Three treatments, each replicated twice, were applied to each site. 1. Grazed-vegetation and soil remained undisturbed except for grazing by livestock and wildlife. 2. Clipped-standing vegetation was harvested to ground level by clipping. 3. Bare-standing vegetation was harvested to ground level by clipping; surface litter, rocks, and cryptogams were removed by hand. The only remaining cover was root crowns and fine litter fragments. Although efforts to remove all the litter fragments were painstaking, cover determinations by detailed point framing revealed high amounts of nonpersistent litter on the bare plots at Nancy87 and Summit (Table 1) .
Similar rainfall simulation technology and methods were used for both the 1982 and 1987 studies. A rotating boom rainfall simulator (Swanson 1979 ) was used to simulate rainfall on a plot initially dry (dry run) @O-minute application) and initially at field capacity (wet run) (30-minute application 24 hours after the dry run). A very wet run was also simulated, but the procedure differed for the respective studies. Thirty minutes after the wet run, Johnson et al. (1984) simulated rainfall at a constant intensity for 30 minutes. Johnson and Blackbum (1989) similarly simulated rainfall 30 minutes after the wet run, but maintained a constant intensity for 10 minutes only. Thereafter, they combined different rain intensities with different rates of overland flow. Rainfall intensity was simulated at about 63 mm/ hr for both studies with the exception of the post lo-minute period of the very wet run of Johnson and Blackbum (1989) .
Model Simulations
The WEPP hillslope model (version 89) was used to simulate runoff for the dry, wet, and very wet runs of Johnson et al. (1984) and the dry and wet run of Johnson and Blackburn (1989) . This version of the WEPP model is not distributed and assumes a homogeneous hillslope. Three different model simulations were performed for each plot. These simulations differed with respect to the estimation of the Green and Ampt parameters, K, and N.. For $ the first simulation, K, and N, were estimated using the empirical I parameter estimation techniques described above (eqs. 2-12). For the second simulation, K. was determined from the field measurenients. K, was estimated from the final infiltration rate of the very wet run as recommended by Nearing et al. (1989) . N. was estimated l as before, using the empirical parameter estimation procedure. In the third simulation, K, was estimated using final infiltration rates ! of the very wet run and N. was estimated indirectly from field measurements by rearranging the Green and Ampt equations as follows (Nearing et al. 1989 ).
F is total infiltration (mm) and f is final infiltration rate (mm/ hr) for the respective dry or wet run. No estimates of N. were made for the very wet runs because with f = K., N. would be zero. The above equation (eq. 13) is an appropriate estimate of N. if the Green and Ampt equation correctly represents infiltration on sagebrush rangeland. A direct estimate of N. is difficult to make, requiring detailed field and laboratory measurements Larson 1973, Brakensiek 1977) . The first simulation is referred to as the "WEPP" simulation, since no model calibration or parameter adjustment was performed to maximize predictability. The second simulation is referred to as the "estimated" simulation, since K. was estimated from the field data. The third simulation is called the "computed" simulation, since N. was computed using the data and the Green and Ampt equation. It is important to recognize that the "computed" simulation amounts to calibrating the model, or forcing a best "fit" between observed and predicted runoff. The purpose of doing this is to evaluate resulting N. values to see ifthey are realistic and to assess how well the Green and Ampt equation fits observed infiltration characteristics of sagebrush rangeland.
Model Evaluation
Model performance was evaluated using the Nash and Sutcliffe (1970) coefficient of efficiency (E). E is computed as follows
Y&is observed runoff, Yd is model predicted runoff, and Y,,,, is mean observed runoff. E is the proportion of the variance of the observed values accounted for by the model. Its values can range from 1 to -infinity. A negative value indicates that the observed mean does better predicting YOb than does the model.
Results and Discussion
Runoff Precktion
A comparison of predicted and observed runoff for each of the 3 simulations ("WEPP *', "estimated", and "computed") is given in Figure 1 . There was a poor correlation between predicted and observed runoff for both the "WEPP" and "estimated" simulations, as indicated by the scatter in the data and the low coefficient of efficiencies (Figs. 1 and lb) . Runoff predictions for the "computed" simulation as expected, were much improved (Fig. lc) .
An examination of runoff prediction by site is instructive (Table  2 ). Highest average runoff ("WEPP" simulation) was predicted on Flats, Summit, and Nancy82. In contrast, very little runoff was predicted on Nancy87, Coyote Butte, and Lower Sheep. Average predicted runoff corresponded to observed average runoff only on the Nancy82 and Lower Sheep sites. Runoff prediction is heavily dependent on the final estimate of hydraulic conductivity, K., given in eq. 5. This is where the effect of vegetal cover, surface crusting, and macroporosity to hydraulic conductivity are taken into account. The macroporosity factor, Mf, (eq. 7) is especially important. It can range in value from 0.4 for sandy soils to over 40 for clayey soils. If M&l, then vegetal cover has relatively little impact on hydraulic conductivity. For soils with a high Mr, the effect of vegetation on hydraulic conductivity can be enormous. Significant runoff was predicted only from those sites with low Mr: Summit, Flats, and Nancy82 (Tables 1 and 2 ). On these sites, because of the low Mr, the changes in vegetal cover associated with the different treatments had little impact on K. and therefore on runoff. Little or no runoff was predicted from those sites with very high estimates of Mr(Nancy 87 and Coyote Butte). The canopy (Cf) and crust (Q factors, in comparison to Mt, were much less variable between sites and had relatively little impact on runoff prediction (Table 1) .
When measured values of K, were used ("estimated" simulation), runoff was consistently underestimated (Table 2) . Predictions, as one might expect, were much better after N. was estimated by back calculating from the Green and Ampt equation using observed values for f, F, and K. ("computed" simulation). The "computed" simulation amounts to a calibration of the model rather than a validation, but the relatively good fit indicates that the Green and Ampt equation can describe infiltration on sagebrush rangeland. We will examine later whether the values of N. estimated in this fashion are realistic. In general, measured runoff increased with the degree of vegetation removed (Table 2 ) (see Johnson et al. 1984 and Blackbum (1989) for more detailed discussion of treatment effects). The "WEPP" simulations did not reflect these treatment effects (Table 2) . Probable reasons for this are that ground cover (rocks, cryptogams, root crowns, nonpersistent litter) was high for all of the treatments (Table 1) . Ground cover can greatly increase the WEPP estimate of hydraulic conductivity. By comparison, WEPP is relatively insensitive to canopy cover.
Simulated treatment effects were more pronounced when K. ("estimated" simulation) and K, and N. ("computed" simulation) were estimated from field measurements ( Table 2) .
Parameter Estimation
On average, predicted K. was lower than K, measured by about 13 mm/ hr (Table 3 ). The coefficient of efficiency was negative (E = -0.44), indicating a poor correlation between predicted and the measured K,. Best predictions of K. were at Nancy87 and Coyote Butte; runoff at these sites was underpredicted, however, (Table 2) . Runoff prediction was much better on the sites where K, was poorly estimated, such at Summit and Nancy82. In other words, ablity of the model to accurately predict K, did not insure accurate runoff prediction. The reverse also holds true: accurate runoff prediction does not necessarily imply that the parameters were accurately estimated. There was little variation between predicted K, within the different treatments. This is mainly a reflection of the fact that different treatments were imposed on different sites. Within sites, predicted K, did differ with treatment, if Mf was greater than 1.
The results of this study highlight the importance of Mr, the macroporisty factor, for predicting L. If Mt<l, then vegetation change will have no effect. A high Mt will also cause the predicted runoff to be relatively insensitive to vegetation change. This is because K, will always be high enough to insure that predicted runoff is small, unless ground cover is zero. A case in point is Table 3 . Average effective hydraulic conductivity (mm/br) computed by match between fitted and predicted St. Average fitted Sf was con-WKPP (Predicted KJ and measured hydraulic conductivity (Measured K,) averaged across PI plots (total), individual sites and treatments. Also siderably lower than predicted St, especially at Coyote Butte and included are the number of plots (#) used in each calculation*. Lower Sheep.
There was no clear relationship between fitted Stand soil texture ( Fitted Sf values were low on all of the sites; however, they were, Coyote Butte: where no runoff was predicted (Table 2) . Although this term is called the macroporosity factor it has no physical basis; rather it is an empirical adjustment factor. The model developers assumed that rangeland soils have a better developed network of macropores than agricultural soils, thus higher infiltration capacities (D.L. Brakensiek, personal communication). Historically, more effort has been devoted to the development of a procedure for predicting K, than for N.. The rationale is that K, is the more sensitive of the 2 parameters (Brakensiek and Onstad 1977) , and N. is assumed to be relatively unaffected by soil surface changes (Rawls et al. 1989a ). Adequate prediction of K. alone however, does not insure accurate runoff predictions, as demonstrated by the inability of the model to accurately predict runoff when measured values of K, were used ("estimated"run) (Fig. lb) . N. must be accurately predicted as well. Our results suggest that this may be a difficult problem. N. is affected by average matric potential across the wetting front (St), antecedent soil water, and soil porosity (eq. 11). In Table  4 , we compared by site, predicted St and fitted Sf (computed from field data through back calculation of the Green and Ampt equation and accounting for the effects of soil water and soil porosity). The sites are grouped by textural class. In general, there was a poor These results, plus the good fit by the computed model, indicate that the Green and Ampt equation does a reasonable job of describing infiltration on sagebrush rangelands.
Model Assessment
We have attempted a realistic evaluation of runoff prediction by WEPP, when the parameter estimation techniques are used. No attempt has been made to display the model in a "best light". Results, however, should be placed in the context of current stateof-the-art in rainfall-runoff modeling. There is a great deal of uncertainty associated with hydrologic predictions, even by the most sophisticated models (Beven 1987) . It is unrealistic to expect an uncalibrated rainfall runoff model to precisely predict runoff (Wilcox et al. 1989a, b; Wilcox et al. 1990; Wilcox et al. 1991) .
Rainfall-runoff models are typically parameterized by calibrating or "fitting" the model to an observed runoff record. This requirement greatly limits model application for many rangeland watersheds, where runoff records are limited. It also provided the impetus for development of the parameterization techniques evaluated here. These techniques are a new and necessary approach for model parameterization, but they are first cut. Improvements need to be made, but the challenge is great. The highly empirical nature of the parameterization techniques is an obvious problem, see for exmple equation 12. Brakensiek and Rawls (1992) are exploring fractal mathematics as a way of relating K. to soil texture in a less empirical fashion. The spatial variability found on rangelands is a major limitation. The infiltration capacity on sagebrush rangelands, for example, is extremely variable from shrub to interspace (Blackburn 1975) . This kind of spatial variability is not accounted for in WEPP, which is not a distributed model. Even distributed models cannot, without great difficulty, incorporate such small scale variability.
There is also large variability between different rangeland types. The approach taken by the WEPP model developers has been to develop empirical relationships that can be applied to all rangelands. It may be that more site or location specific relationships need to be developed. This variability might be accounted for with the development of different parameter estimation procedures for each major rangeland type.
Our results are in basic agreement with earlier assessments of runoff prediction by WEPP. Rawls and Brakensiek (1988) , demonstrated the relative imprecision of the WEPP infiltration component on rangelands, but were pleased that model predictions were within one standard deviation of observed infiltration. Wilcox et al. (1990) compared the Green and Ampt approach to the curve number method for predicting average annual and monthly runoff on 6 diverse rangeland watershed, and found poorest predictions by both models on sagebrush rangeland.
Conclusions
The key to improving runoff prediction by WEPP is the improvement of the parameter estimation procedures. Considering the spatial variability of rangelands, this is a formidable task. One possibility is the development of specific procedures for the major rangeland plant communities. It is doubtful that empirical relationships could be developed that are universally applicable for all rangelands.
The macroporosity factor has a large impact on the relative effect of vegetation on infiltration and runoff and needs to be further investigated-specifically, the relationship between soil texture and the runoff response to vegetation change. As currently written, infiltration characteristics of sandy soils are relatively unresponsive to vegetation change and infiltration rates of high clay soils are extremely responsive to vegetation change. Is this consistent with field observation? The relationship between soil texture and the matric potential at the wetting front also needs further investigation. Our results suggest that soil texture is a poor indicator of N..
Results indicate the need for continued improvement in the Green and Ampt parameterization procedures. The model as it currently stands may be adequate for predicting average runoff conditions but lacks the ability to predict runoff differences due to differences in vegetation or soil characteristics. These results are merely a reflection of our own incomplete understanding and limited ability to quantify vegetation, soil, and hydrologic interactions on rangelands. This limits our ability to evaluate the impact of land use on rangelands, but does represent an exciting research frontier in rangeland hydrology.
As pointed out by Nearing et al. ( 199 1) poor model performance at 1 location does not necessitate modification of the model. Validation studies like this need to be carried out for many range sites so that consistent model deficiencies may be identified and model improvements made.
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